Abstract-A Direct Torque Control (DTC) strategy for dualthree phase induction motor drives is discussed in this paper. The induction machine has two sets of stator three-phase windings spatially shifted by 30 electrical degrees. The DTC strategy is based on a predictive algorithm and it is implemented in a synchronous reference frame aligned with the machine stator flux vector. The advantages of the discussed control strategy are: constant inverter switching frequency, good transient and steadystate performance and low distortion of machine phase currents respect to Direct Self Control (DSC) and other DTC schemes with variable switching frequency. Experimental results are presented for a 10 kW DTC dual three-phase induction motor drive prototype.
INTRODUCTION
The main advantage of multi-phase drives is the possibility to divide the controlled power on more inverter legs. That will reduce the current stress of each switch, compared with a threephase converter. For this reason, multi-phase drives are convenient in high-power and/or high-current applications, such as ship propulsion, aerospace applications, and electric/hybrid vehicles. Other potential advantages of multiphase drives over the three-phase ones are [1] [2] [3] [4] : (1) lower torque pulsations at high frequency, (2) reduced rotor harmonic currents for induction motor drives, (3) higher power per rms ampere ratio for the same machine volume, and (4) reduced harmonic content of the DC link current in case of VSI fed drives. Other potential advantages concern a higher reliability at system level, since a multi-phase induction machine can operate with an asymmetric winding structure in case of loss of one or more inverter legs/machine phases.
A very interesting and discussed in the literature multiphase solution is the dual three-phase induction machine having two sets of three-phase windings spatially shifted by 30 electrical degrees with isolated neutral points (Fig. 1) .
In applications like electrical vehicles, often the low available DC link voltage imposes high phase currents for a three-phase drive. In this case, the dual-three phase induction machine could be an interesting alternative to the conventional three-phase counterpart. In addition, the redundancy of the phase number can be exploited in case of failures [4] . During the last three decades, the literature related to the dual-three phase induction motor drives has covered an entire path: from the machine modeling and design [5] [6] [7] [8] , through the steady-state analysis of the six-step operation using voltage source or current source inverters [9] [10] , to vector control [11] using suitable PWM techniques [12] [13] [14] and current control solutions [15] .
Traction drives require an accurate control of the machine flux and torque. The V/Hz control solutions for dual-three phase induction motor drives [9] have limited performance. For this reason, a Rotor Field Oriented Control (RFOC) solution has been proposed in [11] in order to get decoupled control of the flux and torque. The RFOC scheme must use current control loops to impose the flux and torque producing stator current components. An alternative solution is the use of DTC strategies [16, 17] . In the literature, there are only a few references concerning DTC multi-phase induction motor drives; such references are related mainly to five-phase induction motors [18] .
To simplify the control scheme and to improve the dynamic performance by eliminating the current control loops, the proposed paper presents for the first time a direct torque control solution for dual-three phase induction motor drives as a possible alternative to FOC schemes.
II. MACHINE MODEL
To model the dual-three phase induction machine, the powerful Vector Space Decomposition (VSD) approach [12] has been used under the following assumptions:
• The windings are sinusoidally distributed and the rotor cage is equivalent to a six-phase wound rotor.
• The magnetic saturation and the core losses are neglected. The mutual leakage inductances are zero since the machine is a full-pitch motor.
According to the VSD, the original six dimensional system of the machine can be decomposed into three orthogonal subspaces (α,β), (µ 1 ,µ 2 ) and (z 1 ,z 2 ) introducing a 6×6 transformation matrix [T 6 ] [12] having the following properties:
• The fundamental components of the machine variables and the harmonics of order 1 n 12 k ± ⋅ = , (n=1,2,3,..) are mapped in the (α,β) subspace. These components contribute to the air-gap flux.
• The harmonics of order 1 n 6 k ± ⋅ = , (n=1,3,5,..) are transformed in the (µ 1 ,µ 2 ) subspace. These harmonics (the 5th, 7th, 17th, 19th, …) do not contribute to the air-gap flux since the (α,β) and (µ 1 ,µ 2 ) subspaces are orthogonal.
• The zero-sequence components are mapped in the (z 1 ,z 2 ) subspace.
Hence, from the point of view of flux and torque production, the analysis and control of the machine using the vector space decomposition approach is greatly simplified, since the machine model in the (α,β) subspace is identical to the model of a three-phase machine (Fig. 2) . If the two stator sets have isolated neutral points, it can be demonstrated that no current components flow in the (z 1 ,z 2 ) subspace [12] . For this reason, the machine model referred to the stationary reference frame can be reduced to two sets of decoupled equations corresponding to the machine (α,β) and (µ 1 ,µ 2 ) subspaces [11] . 
where ω r is the rotor speed, P is the number of poles and dt d p =
. The machine parameters are reported in Appendix.
As shown by (1), the flux and torque production involves only quantities in the (α,β) subspace and consequently the machine control is simplified since it needs to act only on a two-dimensional subspace. Thus, the machine flux and torque are controlled with the voltage commands in (α,β) subspace, so the flux estimation can use estimators normally employed for the three-phase machines.
B. Machine model in the
The specific aspect of dual-three phase machines is that the PWM modulation technique must simultaneously obtain the voltage commands in the (α,β) subspace and minimize the harmonic voltages generated in the (µ 1 ,µ 2 ) subspace [12] [13] [14] . These harmonic voltages must be as low as possible to avoid large stator loss-producing current harmonics of order 1 6 ± ⋅ = n k [12, 13] . This results from the low value of the stator leakage inductance, which is a typical characteristic of low voltage/high current machines.
III. DTC CONTROL SCHEME
The main goal of a DTC scheme is to obtain a fast, decoupled control of the stator flux and the electromagnetic torque without inner current control loops [16] . From the literature the more interesting direct torque control solutions can be divided into two main groups:
• Direct Self Control (DSC) and Switching Table-based DTC (ST-DTC); these solutions give variable switching frequency.
• DTC based on the deadbeat solution of the machine equations; this strategy imposes constant switching frequency.
A. DSC and DTC based on switching table
Even with a larger number of available voltage vectors of the six-phase inverter [12, 13] compared with the three-phase one, the DSC [19] and the ST-DTC [16] are seriously penalized by the relatively high harmonic content of the phase currents due to the current harmonics generated in the (µ 1 ,µ 2 ) subspace. Thus, the overall drive efficiency will be reduced. As an example, a DSC scheme has been simulated for the dualthree phase induction machine prototype considered in this paper using the schematic block diagram of Fig. 3 . The hysteresis band for the torque controller has been set at 10% of rated torque. The simulation results are given in Figs. 4-5 for the drive start-up at no-load followed by a rated load step change.
The simulation results for the DSC show distorted phase currents, especially at light load. For this reason, this strategy could be used only for high power, low switching frequency applications [19, 20] . In the case of ST-DTC implemented as for three-phase machines [16, 17] , the results are quite similar. However, this scheme can be improved for dual-three phase machines; this topic will be the subject of future work and will not be further analyzed in this paper. 
B. Deadbeat DTC
In several applications, it is preferred to have a constant switching frequency to obtain almost sinusoidal phase currents using appropriate PWM modulation strategies [12] [13] [14] . In this case, an average stator voltage command vector over a sampling period must be determined, to get the required stator flux and electromagnetic torque.
The DTC scheme used in this paper is based on the simplified circuit shown in Fig. 6 Figure 6 . Simplified equivalent circuit of the machine model in (α,β) using the VSD approach.
The mathematical background of the DTC scheme is based on that described in [21, 22] . The time derivative of the machine torque obtained from (1) is
The discretized form of (3), using a first order approximation, is
where T s is the sampling time of the DTC algorithm.
The DTC dead-beat approach aims to obtain the reference values of the electromagnetic torque Due to the large field weakening range imposed to the drive, the stator flux variation s λ ∆ has been taken into account, while in [21, 22] it has been neglected. Based on the equivalent circuit of Fig. 6 , (6) becomes:
where * v is the voltage vector which will achieve the dead-beat control of the torque. After adding to * v the voltage drop across the stator resistance, the stator voltage command vector will be obtained.
To simplify the computational effort, the dead-beat algorithm has been implemented in a (d,q) synchronous reference frame aligned with the stator flux vector. In this case, the stator flux variation will be imposed only by the command voltage on the d-axis behind the stator resistance, i.e. 
The q-axis reference voltage which will achieve the deadbeat control of the torque can be easily obtained from (7) 
The back-emf component e qs in synchronous reference frame can be computed by applying the rotational transformation (α,β)→(d,q) to the back-emf components computed in the (α,β) stationary reference frame. These voltages are computed from (1) as ( ) (11) where e ϑ is the the stator flux vector position provided by a stator flux estimator.
Based on (7-11), the presented algorithm is able to simultaneously control both the stator flux and the machine torque in a dead-beat fashion with high dynamic performance without current control loops. This algorithm is extremely simple but needs an accurate stator flux estimation to avoid non-zero steady state errors between the actual and the reference values of torque and flux.
IV. TORQUE SATURATION STRATEGY IN THE FIELD-
WEAKENING REGION For the machine operation above the rated speed, the machine torque has to be limited due to the DC link voltage limitation and also due to the inverter current rating. In case of battery fed inverters for electrical vehicles, the DC link voltage is further limited by the battery discharge. For this reason, a limitation strategy of the DTC reference torque is considered, having as main goal the drive stability and good dynamic performance over the whole speed range of the drive.
The machine model referred to the rotating reference frame (d, q) aligned with the stator flux is 
where slip ω is the slip frequency.
In steady-state conditions, the (d,q) stator current components can be easily computed from (12) as 
where σ is the total leakage factor.
From (12, 13) , the electromagnetic torque is obtained as ( )
The maximum electromagnetic torque value can be computed as a function of the slip frequency by solving
Thus, the pull-out values of the slip and the electromagnetic torque are [23] 
From (16) 
In (14),
is the maximum phase voltage that the inverter is able to provide and depends on the DC link voltage, the PWM strategy and on the inverter switch on-state voltage drops and the inverter dead-time effects.
is the maximum machine overload torque (corresponding to the maximum overload current), then the machine torque must be also limited in field weakening range to the value given by
Both (17, 20) give the ideal DTC maximum value of the reference torque to achieve a stable operation of the drive as
However, in practice the reference torque should be slightly smaller than the ideal value given by (16) at high speed for a safe operation of the drive, as illustrated in Fig. 7 .
According to (16) (17) (18) (19) (20) (21) , the DTC reference torque is first limited by the maximum torque curve (20) up to the speed speed po ω . For speed values which are higher than po ω , the maximum torque is limited by the pull-out torque curve (16) . The boundary speed po ω is computed from (16) and (20) as In practice, the field weakening technique uses a boundary speed 1 base ω which is slightly smaller than po ω , as shown in 
where ( )
The saturation value of the torque for speed values above 1 base ω , will be ( )
In conclusion, the torque saturation strategy in the fieldweakening region can be summarized as follows: The experimental tests have been performed with a 10kW dual-three phase induction motor prototype whose parameters are given in Appendix. The switching frequency of the six-phase IGBT inverter has been set at 10 kHz. The inverter DC link voltage is 120V.
The block diagram of the tested drive is shown in Fig. 8 . Figure 8 . Experimental dual three-phase induction motor DTC scheme.
The control algorithm has been implemented on the dSPACE DS1103 PPC Controller Board. The digital control algorithm uses a 10 kHz sampling frequency. The PWM modulator uses the double zero-sequence injection modulation technique which gives satisfactory results regarding the harmonics minimization in the (µ 1 ,µ 2 ) subspace [11, 13] .
The experimental results are shown in Figs. 9-13 for two different tests. For the first test, a square wave reference speed whose amplitude is equal to 500 rpm to saturate the speed controller, is applied to the control system. The results of Fig. 9 show a good flux and torque regulation. The (d,q) synchronous reference frame stator current components are not decoupled, as demonstrated by (13) . Thus, any torque transient will affect the d-axis current component, as shown in Fig. 8 .
The second test consisted of a start-up of the drive to 6000 rpm (≅600Hz) with limited acceleration, followed by a speed reversal. The estimated electromagnetic torque, the stator flux and the rotor speed for this test are shown in Fig. 10 .
The field-weakening strategy described by (13, 20) computes the reference stator flux and limits the machine torque in order to have a safe and stable operation of the drive up to 600 Hz. In Fig. 11 the steady-state operation at the maximum speed and no-load is shown. With constant inverter switching frequency operation allowed by the DTC strategy, the machine phase currents are practically sinusoidal, as shown in Figs. 12,13 for full load and no-load operation of the machine. However, this advantage is facilitated by the PWM modulator (Fig. 8) , which uses the double zero-sequence injection modulation technique. This PWM strategy is able to achieve low harmonic voltages generated in the (µ 1 ,µ 2 ) subspace, reducing in this way the stator loss-producing current harmonics of order 1 6 ± ⋅ = n k [11, 13] . 
VI. CONCLUSIONS
The paper deals with a DTC scheme for dual-three phase induction motor drives. The specific aspect of dual-three phase machines is their sensitivity to any harmonic voltage of order 1 6 ± ⋅ = n k , (n=1,3,5,..) generated in the (µ 1 ,µ 2 ) subspace. These harmonic voltages generate large stator loss-producing current harmonics that decrease the drive effciency.
For this reason, the DTC strategy for dual-three phase drives must have as main goals not only a good stator flux and torque regulation, but also a low distortion of the machine phase currents.
Some of the DTC strategies used for the conventional three-phase induction machines have been considered:
• The DSC and ST-DTC strategies implemented as for a three-phase machines give a variable switching frequency and distorted machine phase currents, especially at light loads;
• The deadbeat DTC allows a constant switching frequency and sinusoidal machine currents; for this reason, this technique has been chosen for the dualthree phase drive presented in this paper. The DTC control scheme has been implemented in the stator flux synchronous reference frame. A reference torque saturation strategy has been used in the fieldweakening region to guarantee the drive stability over the whole speed range.
The experimental results show a good response of the stator flux and the torque in both constant torque and fieldweakening regions. For this reason, the discussed DTC scheme could be a possible alternative to FOC schemes for dual-three phase induction motor drives in high current applications, such as electrical vehicles.
